Abstract Mitochondria are cellular organelles with multifaceted tasks and thus composed of different sub-compartments. The inner mitochondrial membrane especially has a complex nano-architecture with cristae protruding into the matrix. Related to their function, the localization of mitochondrial membrane proteins is more or less restricted to specific subcompartments. In contrast, it can be assumed that membrane proteins per se diffuse unimpeded through continuous membranes. Fluorescence recovery after photobleaching is a versatile technology used in mobility analyses to determine the mobile fraction of proteins, but it cannot provide data on subpopulations or on confined diffusion behavior. Fluorescence correlation spectroscopy is used to analyze single molecule diffusion, but no trajectory maps are obtained. Single particle tracking (SPT) technologies in live cells, such as tracking and localization microscopy (TALM), do provide nanotopic localization and mobility maps of mitochondrial proteins in situ. Molecules can be localized with a precision of between 10 and 20 nm, and single trajectories can be recorded and analyzed; this is sufficient to reveal significant differences in the spatiotemporal behavior of diverse mitochondrial proteins. Here, we compare diffusion coefficients obtained by these different technologies and discuss trajectory maps of diverse mitochondrial membrane proteins obtained by SPT/TALM. We show that membrane proteins in the outer membrane generally display unhindered diffusion, while the mobility of inner membrane proteins is restricted by the inner membrane architecture, resulting in significantly lower diffusion coefficients. Moreover, tracking analysis could discern proteins in the inner boundary membrane from proteins preferentially diffusing in cristae membranes, two sub-compartments of the inner mitochondrial membrane. Thus, by evaluating trajectory maps it is possible to assign proteins to different sub-compartments of the same membrane.
. To better understand the function and interaction of these proteins, information on their specific sub-mitochondrial localization and spatio-temporal organization is needed (Fig. 1b) . Superresolution fluorescence microscopy (including immuno-electron microscopy) has enabled sub-diffraction localization of mitochondrial molecules, resulting in the identification of proteins in different organelle compartments of mitochondria (Appelhans et al. 2012; Beinlich et al. 2015; Jans et al. 2013; Wurm and Jakobs 2006) and revealed that the proteins of the IM are apparently sub-compartmentalized in the IBM and CM part of the IM (Vogel et al. 2006) . Information on the temporal dynamics of proteins would help to understand this segregation of proteins in an (in principle) continuous membrane. In the following, three dynamic methods to study mobility and to determine diffusion coefficients of mitochondrial membrane proteins are presented.
The mobility of several inner and outer membrane proteins (Sukhorukov et al. 2010 ) and of matrix-green fluorescent protein (Partikian et al. 1998 ) was determined by fluorescence recovery after photobleaching (FRAP), a method in which after spot bleaching the recovery of fluorescence is monitored and analyzed (Reits and Neefjes 2001) (Fig. 2a) . The diffusion of a matrix-targeted protein was also determined via fluorescence correlation spectroscopy (FCS) (Koopman et al. 2007 ), which is not an imaging technology but a spectroscopic method that records changes in fluorescence intensity in the confocal volume over time (Bacia et al. 2006) . From autocorrelation curves [G(τ)], the diffusion behavior is analyzed and diffusion coefficients are extracted (Fig. 2b) .
Single particle tracking (SPT) combines the spatial and dynamic analysis of proteins by imaging single, labeled proteins at high frame rates until they are bleached. After localization, trajectory maps are generated by, for example, a multitarget tracing algorithm (Sergé et al. 2008) (Fig. 2c) . Commonly, fluorescent protein-tags (FP) are used to visualize the proteins of interest (Subach et al. 2010) . In a variant of SPT, named tracking and localization microscopy (TALM) (Appelhans and Busch 2017; Appelhans et al. 2012) , bright and photostable rhodamine dyes attached to a specific substrate reacting covalently with the HaloTag or SnapTag are used for post-translational labeling (Juillerat et al. 2003; Schröder et al. 2009 ). The localization and dynamics of several outer and inner membrane proteins have been analyzed using this method. From step length diagrams ( Fig. 2c-II) , apparent diffusion coefficients are extracted and appointed to subpopulations distinguished by their mobility (e.g. mobile, less mobile and confined mobile molecules). Mean square displacement plots of >30 ms allow for confinement analysis, following which only the diffusion coefficients of mobile fractions are compared.
Movement of outer mitochondrial membrane proteins
The outer mitochondrial membrane is tubular without extrainvaginations. To date, information on the mobility of four mitochondrial OM proteins is available: hFis, a protein involved in mitochondrial fission (Yu et al. 2005) and three different subunits of the TOM complex, i.e. Tom7, Tom20 and Tom40 (Shiota et al. 2015) (Fig. 1b) . hFis, Tom7 and Tom20 possess a single transmembrane domain, while Tom40 is a β-barrel protein inserted into the OM. The localization and mobility of hFis and Tom7 were determined by FRAP analysis of FP-labeled proteins in mitochondria in situ in cell culture (Sukhorukov et al. 2010) , and the obtained mobility was 0.7 μm 2 /s (hFis) and 0.6 μm 2 /s (Tom7), respectively ( Table 1 ). The majority of Tom7 molecules showed unhindered diffusion, but approximately 7% were immobile (Sukhorukov et al. 2010) . In a different study, the mobility of Tom40, the core subunit of the TOM complex (Rapaport and Neupert 1999) , was determined by SPT with a localization precision of Fig. 1 Ultrastructure of mitochondria and respective localization of important proteins. a Electron microscopy image showing part of a mitochondrion, with the membranes appearing black: OM outer membrane, IM inner membrane [which is partitioned into the inner boundary membrane (IBM) and the cristae membranes (CM)]. The matrix is an aqueous compartment. b Scheme showing the localization of the proteins that have been studied in terms of mobility and localization. Tom40 Core subunit of the translocase of the outer membrane (TOM) complex, Tom20 receptor subunit of TOM, Tom7 subunit of TOM (Shiota et al. 2015) , hFis human fission factor in the OM (Yu et al. 2005) , Mic60 mitofilin, part of the MICOS complex in the IBM (Ding et al. 2015) , Tim23 part of the inner membrane translocase (TIM) in the IBM (Demishtein-Zohary and Azem 2017), Cox cytochrome c oxidase, a complex of the oxidative phosphorylation (OXPHOS) system in the CM, F 1 F O ATP synthase, a further OXPHOS complex Fig. 2 Technological methods to determine the mobility of mitochondrial proteins. a Fluorescence recovery after photobleaching (FRAP). Usually, proteins of interest are fused to a fluorescent protein and from a certain region of interest (roi) the pre-bleach fluorescence is recorded. Then, the fluorescence in the roi is bleached down and immediately after the recovery of fluorescence is monitored. The recovery curve is fitted and the percentage of mobile and immobile molecules and the diffusion coefficient of the mobile fraction can be determined. Here, a FRAP curve for Tom7, a subunit of the TOM complex, fused to green fluorescent protein is shown. The fluorescence was bleached in the indicated roi (red frame) (Sukhorukov et al. 2010) . b Fluorescence correlation spectroscopy (FCS) reveals protein diffusion, such as in the mitochondrial matrix (Koopman et al. 2007 ). Fluorescence intensity fluctuations from the confocal volume are recorded and an autocorrelation function is generated from which the mean diffusion constant can be calculated. c-I Localization and tracking of single molecules in different mitochondrial compartments by tracking and localization microscopy (TALM) (Appelhans et al. 2012 ), a single particle tracking (SPT) technique. A single molecule is observed for multiple frames until bleached. The fine localization of single molecules is obtained by two-dimensional Gaussian fitting of the diffracted signal in a deflation process, following which a trajectory map is generated using a multi-target tracing algorithm (Sergé et al. 2008) . c-II Step length diagrams are generated, and from the cumulated distribution function (CDF) diffusion coefficients are extracted by fitting until the least root mean square error is minimized. Usually, several subpopulations characterized by different mobilities (mobile, less mobile and confined mobile) are obtained. c-III Mean square displacement (msd) plots are analyzed to obtain the confinement for short (2-5 steps, blue line) and long-range diffusion (2-20 steps, red line) (Schütz et al. 1997) . The relation between msd and the diffusion coefficient D is: msd = 4DΔt α + 4ε 2 where ε 2 is the square error (localization precision) and α is the non-linearity coefficient. Scale bar 100 nm (a) 20 nm. Analysis of mean square displacements (msd) within 5 ms and cumulative distribution functions (CDF) provided an apparent diffusion coefficient of D app = 0.5 μm 2 /s for Tom40, which is only marginal slower than the D for Tom7 obtained by FRAP. For time windows above 35 ms, the diffusion was clearly confined. Several reasons were discussed for the confinement: a complicated geometry, interaction with lipids or an active, anchored complex (Kuzmenko et al. 2011 ). In (Fig. 3a-I, 3a-II) with a random directionality. The calculated localization precision was 10 nm on average, although a subpopulation of 14% of hFis and Tom20 had a diffusion coefficient of D <0.009 μm 2 /s, indicating immobile/confined fractions (as also found for Tom7 in FRAP measurements). Alternatively, this can be an outcome of movement in z. Movement in z gives small step lengths in two-dimensional (2D) projections and thus results in low diffusion coefficients. A correction taking into account the geometry resulted in an increase in the diffusion coefficients to D app,corr = 0.215 μm 2 /s for Tom20 and D app,corr = 0.410 μm 2 /s for hFis (Appelhans et al. 2012) . which are still lower than those obtained from FRAP studies (D=0.6 and D= 0.7 μm 2 /s, respectively).
Movement of inner mitochondrial membrane proteins
The mobility of inner mitochondrial membrane proteins Cox and F 1 F O ATP synthase, both complexes of the oxidative phosphorylation system (CIV and CV of OXPHOS), was determined by FRAP (Sukhorukov et al. 2010) (Table 1) . TALM trajectory maps also show details about possible confinement and directionality. Contrary to OM proteins (Fig. 3a) , the trajectory maps of Cox and F 1 F O ATP synthase indicate a confinement of those specific IM proteins in cristae (Fig. 3b) . In contrast, trajectory maps of the IM proteins Tim23 and Mic60 show a different type of confinement: the trajectories are found in a pearl-like arrangement along both sides of the IBM with no preferential directionality (Fig. 3c) . The diffusion coefficient for Tim23 was D mobile,Tim23 = 0.044 μm 2 /s (±0.025 μm 2 /s; N = 2 independent assays, >1900 trajectories analyzed); for Mic60 it was D mobile,Mic60 = 0.063 μm 2 /s (±0.010 μm 2 /s; N = 2 independent assays, >2000 trajectories analyzed). Albeit the diffusion coefficients of both proteins were similar to those of Cox and F 1 F O ATP synthase in the same membrane, their specific localization was clearly distinct as the trajectory maps revealed (Fig. 3c) .
The apparent diffusion coefficients for the IM proteins Cox and F 1 F O ATP synthase determined by TALM were significantly lower than those obtained by FRAP, likely due to a significant quota of molecules being restricted in their diffusion due to geometrical constraints. When msd were plotted, for long range diffusion >50 ms, confinement started to dominate the mobility in accordance with preferential localization in cristae membranes (Fig. 3d-II) . These confined mobile molecules were probably not recorded by FRAP, since their confinement within 0.01 μm 2 (Fig. 3c-II ) is below the diffraction limit. For Tim23 and Mic60, the confinement was in a similar range, albeit for a different reason: these molecules are anchored in the membrane in conjunction with supercomplex formation (Harner et al. 2011; van der Laan et al. 2016 ).
Conclusion
The determination of protein mobility in mitochondrial compartments is still a challenge. FCS, which is an established method for the determination of the mobility of soluble proteins, has had no application in the determination of mitochondrial membrane protein mobility, but only for a matrix-targeted soluble FP. The determined diffusion coefficient was similar to that determined by FRAP (Table 1) . Indeed, FCS and FRAP are probably the only methods to characterize the mobility of matrix proteins, since diffusion coefficients attributed to soluble FPs are >93 μm 2 /s (Petrasek and Schwille 2008) and the corresponding step lengths are too large to obtain confident connections between subsequent localizations in SPT. The reduced mobility of FPs with 20-30 μm 2 /s in the mitochondrial matrix is probably related to diffusion obstacles imposed by cristae membranes dividing the matrix (Sukhorukov and Bereiter-Hahn 2009) . For membrane proteins, FRAP studies have provided higher diffusion coefficients as SPT analysis, possibly attributable to two factors: (1) FRAP is a diffraction-limited imaging technique and thus is spatially coarse; (2) FRAP measures only highly mobile molecules, since confined molecules or slow mobile molecules are too slow to contribute to a fluorescence recovery. In addition, the bleaching which continues during recording is more of a problem for FRAP than for single molecule imaging (whereby the signal is lost, but has no influence on the analysis). Furthermore, recovery analysis after spot photobleaching of FP in mitochondria is not straightforward to analyze due to geometrical factors, shape changes and the movement of mitochondria themselves (Dikov and Bereiter-Hahn 2013; Mishra and Chan 2016) . This also partially impacts SPT analysis and a thorough review of data is necessary. Mitochondrial movement interfering with protein motility can be revealed by superimposing images of mitochondria taken before and after the FRAP analysis or superimposing the first and last 500 frames of SP imaging. The power of single molecule tracking in contrast to FRAP and FCS is that is provides localization and trajectory maps and thus enables sub-organellar resolution. Based on the pattern of their trajectory maps, Tim23 and Mic60 could be designated to the IBM in line with a functional localization at interaction sites with the TOM complex (Tim23) and the cristae junctions (Mic60) (van der Laan et al. 2016) , while Cox (CIV) and F 1 F O ATP synthase (CV) could be appointed to cristae membranes, which are the site of OXPHOS. On the other hand, in SPT/TALM, the diffusion coefficients are extracted from 2D projected movement, which results in an underestimation of mobility on tubular or spherical structures (Renner et al. 2011) . Albeit a variety of methods for obtaining both 3D super-resolution images and 3D tracking information have been devised (von Diezmann et al. 2017 ), 3D tracking is still a challenging option and to our knowledge has not yet been applied to the analysis of the mobility of mitochondrial proteins. Hitherto, even 2D SPT/TALM has been feasible to elucidate sub-organelle localization from the pattern of the respective trajectory maps. To summarize, FRAP and SPT/TALM are complementary methods revealing different aspects of the spatio-temporal organization of proteins.
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Ethical approval This article does not contain any studies with human participants or animals performed by any of the authors. Fig. 3 Motility analysis of mitochondrial membrane proteins by SPT/ TALM. a Trajectory maps of OM proteins hFis (a-I) and Tom20 (a-II). b-I Trajectory maps of Tim32 preferentially found in the IBM. b-II Map of Mic60, which is part of the MICOS complex, at cristae junctions (Zerbes et al. 2012) . c-I Trajectory maps of Cox labeled at its subunit CoxVIIIa in two mitochondria. c-II Trajectory map of F 1 F O ATP synthase labeled at subunit ɣ. For fluorescence labeling of these different protein species, Cterminal HaloTag®-fusion (Los et al. 2008) proteins were generated and p o s t t r a n s l a t i o n a l l y l a b e l e d b y m e m b r a n e -p e r m e a b l e tetramethylrhodamine functionalized with the HaloTag®-Ligand (TMR   HTL   ) . TMR HTL in the specific mitochondrial environment turned out to be a photostable and bright emitter (Appelhans et al. 2012) . The labeling was done with substoichiometric concentrations of TMR HTL (0.5-1 nM) to obtain single molecule signals that can be distinguished and localized. The dye was excited with a diode pumped solid-state laser (excitation 561 nm, 200 mW; Cobolt Jive 561 nm, Cobolt), and single molecule signals were recorded with a back-illuminated electron multiplying charged coupled device EMCCD camera (model iXON 897, pixel size 16 μm 2 ; Andor Technology Ltd., Belfast, UK). The mitochondrial localization of the constructs was tested by co-staining with MitoTracker®DeepRed (not shown). The signal of a single particle was recorded over time until bleaching and analysed by the multi-target tracer algorithm (Sergé et al. 2008) , generating a trajectory of the respective molecule. The magnification is the same for all trajectory maps. d-I Apparent diffusion coefficients D app for mobile fraction of OM and IM proteins. d-II Confinement for OM and IM proteins
